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Abstract
The CP violation gives rise to severe restriction of soft breaking terms in supersymmetric standard models. Among them,
constraints on the holomorphic soft mass of Higgs doublets (the B parameter) are difficult to satisfy due to the other inherent
problem in the Higgs potential; the µ problem. In this Letter, it is argued that these CP and µ problems can be rather
relaxed provided that B is vanishing at high-energy scale. A generic mechanism and some examples of model are presented to
dynamically realize this condition by introducing gauge singlet fields.
 2002 Elsevier Science B.V.
1. Introduction and idea
Supersymmetry is one of the most attractive exten-
sions of the standard model (SM). It has a variety of
interesting properties in phenomenological and theo-
retical viewpoints, which can bring novel approaches
to unresolved problems of the SM. For example, grand
unification with supersymmetry predicts low-energy
values of gauge couplings precisely consistent with the
experimental data [1]. In the others, the weak/Planck
mass hierarchy is stabilized against radiative correc-
tions due to the non-renormalizable nature of superpo-
tential terms [2].
However, supersymmetry is not a symmetry exper-
imentally observed at low-energy scale and must be
broken by soft breaking terms, which do not reintro-
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duce quadratic divergences and not spoil mass hier-
archies [3]. These soft supersymmetry breaking terms
consist of gaugino masses, scalar trilinear couplings,
and scalar masses. Thus the number of physical cou-
plings is dramatically increased compared to an ex-
actly supersymmetric case or that of the SM. More-
over, generic forms of soft breaking terms tend to lead
phenomenological disasters such as too large rate of
flavor-changing rare processes like µ→ eγ as well as
large CP violation, which is the subject of this Let-
ter. To avoid these problems and make models viable,
supersymmetry-breaking dynamics is required to have
some special properties, and various such mechanisms
have been proposed in the literature. Physical mass
spectrum can be explicitly calculated for a fixed mech-
anism of supersymmetry breaking and mediation to
the SM sector.
In general, CP-violation measurements provide
one of the severest constraints for supersymmetry-
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breaking couplings. An important point is that CP vi-
olation occurs even in the absence of flavor violation.
Working with a rather strong hypothesis of flavor uni-
versality for soft terms, there still remain two types of
CP-violating phases which cannot be rotated away by
field redefinition. One is the phase of scalar trilinear
couplings (A terms) relative to that of gaugino masses,
and another is that of holomorphic bilinear terms of
scalars (B terms). These phases (in the basis where
gaugino masses are real) are required to be nearly real
by the experimental results such as non-observation
of sizable electric dipole moments of the neutron and
leptons [4]. To satisfy the constraints seems to need
some non-trivial, involved mechanisms or unnatural
fine-tuning of model parameters. This is the CP prob-
lem in supersymmetric extensions of the SM [5].
As for A terms, it is found that phase constraints
may be somewhat weak. This is partly becauseA terms
contribute to the electric dipole moments of leptons,
which highly restrict models, only through the neu-
tralino diagrams with small parameters (U(1) gauge
coupling and a ratio of two Higgs vacuum expectation
values (VEVs)). Furthermore, initial complex phases
are reduced by renormalization-group running down
to low energy. From a viewpoint of model building,
however, supersymmetry-breaking A terms are corre-
lated with Yukawa couplings. It is a non-trivial task
to reproduce the experimentally observed values of
fermion mass hierarchy and CP violation in the Kaon
system while there is no new source of CP violation
besides that of Yukawa couplings.
Notice that for high-scale supersymmetry break-
ing like gravity mediation, some kind of implements
should be usually introduced to suppress direct cou-
plings between supersymmetry-breaking and visible
sectors. The ‘separation’ of the two sectors is in-
evitable, for example, to avoid dangerous flavor-
changing operators radiatively generated in Kähler
potential. It is found that such suppression mecha-
nisms also reduce A terms and then their CP-violating
phases. In this Letter, we assume this kind of sepa-
ration for simplicity. On the other hand, low-energy
supersymmetry breaking scenarios like gauge medi-
ation [6] also separate the two sectors by introduc-
ing messenger fields, and predict vanishing A terms at
leading order. Accordingly, in both these cases, low-
energy nonzero values of A parameters are generated
via renormalization by gaugino masses. Hence, rela-
tive phases of A in the basis where gaugino masses
are real turn out to be zero, which is suitable for ob-
taining CP-conserving results in supersymmetric SM.
However, the situation is very different for B terms,
and naive separation mechanisms do not work for
the CP problem, unlike A terms. In supersymmetric
SM, B appears in the holomorphic soft mass of
the Higgs doublets. It is well known that the most
delicate issue in dealing with the Higgs B parameter
is that it closely relates to other problems in the
Higgs potential, which involves the supersymmetric
mass parameter µ. The supersymmetric SM Higgs





where Λ is a cutoff scale of supersymmetric SM (e.g.,
the GUT or Planck scale), and M is a universal gaug-
ino mass. We here take a convention where the µ para-
meter is real. The first condition (1) is nothing but the
well-known gauge hierarchy problem (theµ problem);
it is unnatural to have a tree-level µ parameter of the
electroweak scale which is much smaller than the nat-
ural scale of theory Λ. A vanishing µ may be natural
by symmetry argument but has been excluded by the
LEP experiment. Supersymmetry itself can provide a
support to stabilize a tree-level value against quantum
correction but does not give any reasons why µ is fi-
nite and so small relative to larger fundamental scales.
The second condition (2) is also necessary for the cor-
rect electroweak symmetry breaking. If this condition
is not satisfied, the potential is unbounded from below
along some supersymmetric flat direction. It should be
noticed that the condition (2) implies a potential diffi-
culty that the supersymmetry-conserving parameter µ
has to be correlated with the supersymmetry-violating
one B .
The third condition (3) is concerned with CP vio-
lation as stated above. It says that nonzero phases of
a gaugino mass and the B parameter must be aligned.
One could see whether this condition is satisfied or not
once one knows about all structures of supersymmetry
breaking dynamics. That is, since gaugino masses ap-
pear through a gauge kinetic function and on the other
hand, the B parameter resides in the Higgs poten-
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tial, they apparently have no connection to each other.
Nevertheless, Eq. (3) imposes a Fermi–Bose relation
even in supersymmetry-breaking sector. Since there
has been few viable mechanisms to arbitrarily con-
trol phase values, phase alignment of the terms which
originate from different sources is rather unnatural and
needs some adjustment of model parameters.
In this way, each condition holds in itself indepen-
dent problems to solve. Therefore, it seems an annoy-
ing issue to construct realistic models satisfying all the
requirements on the Higgs potential. In practice, vari-
ous attempts have been done to have successful mech-
anisms.
For a tree-level µ term, the required large hier-
archy (1) is the foremost problem to be considered.
A weak-scale µ could arise if some symmetries for-
bid a bare coupling and small symmetry-breaking ef-
fects generate an effective µ term. In this case, gen-
erally, a nonzero B parameter is also effectively in-
duced. However, its phase is less under control with-
out any additional assumptions and may conflict with
the constraint (3) for the CP problem. As we will
see below, B often contains a term proportional to
the gravitino mass m3/2. The magnitude of the grav-
itino mass is fixed by the requirement that the cos-
mological constant should vanish. Its phase is, how-
ever, not constrained and is in general different from
that of the gaugino mass. For example, in the string-
inspired supergravity model, the B parameter is given
by B = A−m3/2 in the dilaton dominant case [7]. In
this case, the phase of the A parameter is the same as
that of the gaugino mass and given by that of the di-
lation F term which is generally undetermined. Then
the phase of B is uncorrelated to the gaugino mass
phase. Other scenarios along this line have also been
discussed in [8].
Non-minimal form of Higgs Kähler potential is an-
other origin of the Higgs mass couplings [9]. Nonzero
µ and B parameters are generated via supersymmetry-
breaking effects and then cannot be so hierarchical,
which is suitable for the requirement (2). This mecha-
nism, however, may seem to need to introduce tuning
of parameters or involved structures of models in order
to suppress the CP phase of the B parameter.
In theories where soft mass terms are generated by
loop diagrams as in gauge mediation or anomaly medi-
ation [10,11], another severer problem often emerges.
This is due to the fact that µ and Bµ are usually gen-
erated at the same loop order. Thus B = Bµ/µ is
given by the supersymmetry breaking scale without
loop suppression which is much larger than other mass
parameters of super-particles including the Higgs dou-
blets. This conclusion seems quite generic and hard to
resolve, and naive attempts such as a tree-level µ term
or non-minimal Kähler potentials discussed above do
not work. Some mechanisms to resolve the difficulty
were discussed in [12].
In this Letter, we would like to stress that there is a
simple assumption that rather relaxes these tight con-
straints on the Higgs mass parameters. That is, at some
high-energy scale, the B parameter is vanishing:1
(4)B = 0.
One can immediately see that this assumption resolves
the problem (3). A low-energy (electroweak) nonzero
B term is generated via renormalization group evolu-
tion with the boundary condition (4). The running of
B is driven by gaugino masses and possibly the large
scalar top coupling. The latter is controlled also by the
gaugino masses as long as A terms are supposed to be
small at high-energy scale. This situation is achieved,
for example, with the mechanisms explained before.
The gaugino masses thus govern the low-energy B
parameter including its phase, and hence the condi-
tion (3) turns out to be satisfied. Interestingly, this so-
lution for the CP problem is independent of actual
phase values, which is difficult to control. Vanishing
B is natural in a sense that some symmetries such as
Peccei–Quinn symmetry and possiblyR symmetry are
restored in this limit.
The remaining problems of Higgs potential, (1)
and (2), are simultaneously settled if a nonzeroµ is ge-
nerated by supersymmetry-breaking parameters (and
can be real) [8]. Suppose that there is no µ term in the
vacuum without supersymmetry breaking, and break-
ing effects shift the vacuum resulting in an effective
µ term. The µ problem (1) is thus solved in a tech-
nically natural way. In addition, B is now generated
by renormalization-group evolution and becomes of
the order of gaugino masses, and the condition (2) is
achieved. Interestingly, the solution can be discussed
only within the Higgs potential sector and needs not
1 This condition was considered in gauge mediation [13] as well
as in gaugino mediation [14].
192 M. Yamaguchi, K. Yoshioka / Physics Letters B 543 (2002) 189–196
to require knowledge of other parts of theory such as
gaugino masses. It is a reasonable situation that B is
vanishing since mechanisms to control phase values
have not been established.
In this Letter, we present a mechanism where
the solution with the boundary condition (4) is dy-
namically realized. We will discuss supersymmetry-
breaking effects at high-energy scale, but the mecha-
nism presented here is general and can be applied to
other supersymmetry-breaking models. Phenomeno-
logical implications of this solution to the supersym-
metric CP problem will be discussed elsewhere [15].
2. Models
As mentioned before, we suppose that a separation
of supersymmetry-breaking and visible sectors occurs.
If this is not the case, induced higher-dimensional
Kähler terms which link two sectors generate phenom-
enologically dangerous operators for flavor-changing
neutral currents, etc. Such an implement is indeed
necessary for models to be viable. A separation may
be accomplished, for example, in a geometrical way
in higher-dimensional theories [10] or by strong cou-
pling dynamics of superconformal field theories [16].
The latter might be interpreted as a gravity dual of
the former. In this Letter, we assume such mecha-
nisms for separation, for simplicity, and concentrate
on dynamics in the visible sector. With this locality
at hand, in particular, scalar trilinear supersymmetry-
breaking terms vanish at leading order of perturbation
theory. However, scalar bilinear terms do not necessar-
ily share the same result. This is because a non-trivial
µ-generation mechanism has to be fixed as discussed
in the introduction.
Let us consider models in which SM gauge sin-
glet fields generate the Higgs bilinear couplings.
Supersymmetry-breaking effect is expressed in terms






φ†φf (S,S†, . . .)+H †H + H † H ]
(5)+
∫
d2θ φλg(S)H H +
∫
d2θ φ3W(S, . . .),
where S is the singlet which couples to the Higgs
doublets through a function g(S) in the superpotential
with a coupling constant λ. Contribution of possible
additional (singlet) fields are denoted by . . . . A chiral
superfield φ is the compensator multiplet with Weyl
weight 1. In the case we consider, a VEV of φ is the
only source of supersymmetry breaking in the visible
sector and is determined by hidden sector dynamics by
requiring a vanishing cosmological constant,
(6)φ = 1+ Fφθ2.
In the Lagrangian (5), we have rescaled the Higgs
fields into a canonical form. It is found convenient to
work in this basis, since the physical masses of Higgs
fields are clearly understood and the effects of φ to
singlet fields is easier to evaluate. With appropriate
form of potentials, nonzero VEVs of singlet fields
are generated after supersymmetry breaking and can
provide a solution to the µ problem.





Fj ∂i¯∂jf + ∂i¯W∗ = 0,
where ∂i (∂i¯) denotes the derivative with respect
to a field Φi = S, . . . (Φ∗i = S∗, . . .). Here and in
the following, we consider the vacua around H =
H = 0. In this case, any details of Higgs fields
such as Kähler form are irrelevant to the potential
analyses. By integrating out the auxiliary components
and minimizing the scalar potential of singlet fields,













where Fi ’s have been replaced with the scalar com-
ponents through the equations (7). The factor 2 in the
right-handed side of Eq. (8) is related to the fact that
superpotential terms have Weyl weight 3. The Higgs
mass parameters µ and B are given by
(9)µ= λg, −Bµ= λ(Fφg+ FS∂Sg).
Here two comments are in order. First it is found
from Eq. (9) that a tree-level µ term, namely, g =
const leads to B = −Fφ . This is too a large value
for electroweak symmetry breaking to be turned on as
long as soft terms are induced at loop level. Secondly,
we do not include a non-minimal Higgs Kähler term,





H H , which could give another origin of
the Higgs mass couplings [9]. As mentioned in the
introduction, it does not give a complete solution to the
Higgs mass problems without introducing fine-tuning
of couplings or involved model structures; µ ∝ F ∗φ
and B = Fφ , and generally, the phases of Bµ and
gauginos are different. In the following, we simply
assume the minimal form of Kähler potential, ∂i∂j¯ f =
δij as a good first-order approximation. Note, however,
that even when higher-order Kähler terms suppressed
by powers of the fundamental scale are taken into
account, they are irrelevant in the analyses unless
models contain VEVs very close to the fundamental
scale.
Our mechanism for a vanishing B term introduces
two singlet fields, here we call S and N . Let us con-







λ′Ng2(S)+W(S, . . .)],
where g(S) and W(S) are arbitrary functions of S,
and λ and λ′ are coupling constants. From the equa-
tions of motion (7) and (8), one can see that the above
superpotential leads to B = 0 at the potential mini-
mum with respect to the N field. In fact, Eq. (8) for




Then the B parameter (9) vanishes as long as the VEV
of g is nonzero, that is, a nonzero µ parameter is gen-
erated. Actual values of the couplings are irrelevant to
the result.
A key ingredient is that the superpotential has
at most linear dependence of N . With the above
suitable form of the N1 term, the two equations, the
minimization by N (i.e., Eq. (8) with the minimal
Kähler) and the B parameter in (9), take the same
form besides nonzero overall factors.2 In this case,
a separation that suppresses direct couplings between
the hidden and visible sectors plays an important role.
2 Even if we worked with a non-minimal, involved Kähler
potential f , the same result can be obtained by additional conditions
for f ; ∂N ∂Sf = ∂2Nf = 0.




where X is the field responsible to supersymmetry
breaking in the hidden sector, it induces a tree-level
soft mass of N and may destabilize our vacuum of
B = 0. Separation mechanisms we assume throughout
this Letter is crucial to derive our solution as well as
for suppressing other flavor problems.
Thus the desired boundary condition B = 0 is
dynamically realized with the superpotential (10).3
Notice that W does not play any role in obtaining a
vanishing B term. It is clear from the above derivation
that the only requirement which W must satisfy is that
it does not depend on theN field. Therefore, additional
dynamics can be incorporated into W (and also the
Kähler of S) to have preferable VEVs of singlet fields
while the result B = 0 is still preserved. Furthermore,
as for a polynomial g(S), it might be curious to have
the Ng2(S) term in the Lagrangian (10). However, as
stressed above, B = 0 is guaranteed as long as the W
part does not contain the N field. Accordingly, it is
rather easy to have Ng2(S) with polynomial g if we







λ′NT 2 + κU(T − g(S))
+W(S, . . .)],
where T and U are the gauge singlets. With this ac-
tion, B = 0 is also achieved. On the other hand, inte-
grating out T and U , we have just the Lagrangian (10)
with polynomial g. It could be easier for the above
form of action to follow from symmetries.
With the condition B = 0 at hand, a low-energy B
term is generated by gaugino mass effects in renormal-
ization group evolution. The phase of B is therefore
automatically aligned with that of gaugino masses, and
suppression of CP violation is accomplished. Another
3 We assume that there is no tadpole of N , whose existence
may disturb our vacuum. Such a tadpole could be prevented by
(R) symmetries, which requires some modification of the model.
Symmetries would also restrict the superpotential in desired forms.
For example, an R symmetry under which N has a charge +2 leads
to a linear dependence of N in the superpotential.
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part of our solution to the Higgs mass problems is that
the µ term is induced by supersymmetry breaking dy-
namics. In the present case, this corresponds to the ef-
fects of the compensator field Fφ in the visible sector.
The VEV of the scalar component of S, which gives
rise to the µ parameter, is fixed by minimizing po-
tential with respect to S. The µ problem (1) can be
solved with an appropriate form of the functions g(S)
and W(S). Deviations from the minimal Kähler form
of S could also stabilize the S field. It should be noted
that detailed forms of g and W do not affect the above
argument for the vanishing B parameter.
Let us study several examples of g and W , and es-
timate orders of magnitude of effectively induced µ
parameter. Our aim here is not to present complete
theories but to give simple toy models in order to
study structures of the mechanism. At first, as a special
case, consider g = S and W = S3, that is, all the su-
perpotential terms are cubic and renormalizable ones.
In this case, however, the VEV of S is undetermined
by the supersymmetry breaking Fφ . This is because
the compensator φ can be absorbed by the rescaling
Sφ→ S, . . . , and hence does not give supersymmetry-
breaking potential at tree level. Therefore, dimension-
ful parameters and/or higher-dimensional operators
have to be introduced in the Lagrangian.
2.1. Model 1
First we consider the model
(14)g = S, W =mSS2,
where y is the coupling constant of O(1). A tree-
level µ term may be forbidden by imposing a discrete
symmetry S → −S and H → −H . This symmetry
also forbids a generation of tadpole operator for
the S field as well as the dimension 5 operators for
nucleon decay. In the supersymmetric limit Fφ = 0,
S is forced to be zero. Then at the minimum of the
potential including supersymmetry breaking, the VEV




The VEV of N is determined by the equation of
motion for N and is given by 〈N〉  1
λ′mS . We
note that around this vacuum, radiatively induced soft
masses are negligibly small and do not disturb the
potential analysis here. Integrating out the high-energy





which is a geometric mean of mS and the gravitino
mass Fφ .
The scale of µ depends on both mS and Fφ . In
the case of high-energy supersymmetry breaking, i.e.,
the heavy gravitino, mS must be chosen as a TeV
scale for a small µ parameter.4 A natural way to
achieve this is to slightly modify the Kähler form
of S [9]. If Kähler potential contains the quadratic
term of S,
∫
d4θ φ†φS2 + h.c., it induces a mass
mS  F ∗φ . (This deformation of Kähler potential also
induces a holomorphic soft mass of S but does not
affect the result (15).) Thus µ is roughly on the
correct order of magnitude; µ Fφ . When soft terms
are loop induced as in anomaly mediation, some
tuning of couplings is still required. Other mechanisms
discussed in the literature [8] can also be utilized to
obtain a supersymmetry-breaking order of mass mS .
For low-energy supersymmetry breaking, a grav-
itino mass is much smaller than the weak scale, Fφ ∼
Fhid/MPl. Here
√
Fhid is a supersymmetry-breaking
scale in hidden sector which is separated by taking√
Fhid as much lower than the fundamental scale. As
a consequence, A terms are reduced. From Eq. (15),
in this case, a correct order of µ parameter is realized
if mS is slightly lower than the Planck scale. For ex-
ample, with
√
Fhid ∼ 100 TeV, mS is around the GUT
scale ∼ 1016 GeV for a weak-scale µ parameter. This
example gives a solution to the µ problem in gauge
mediation scenarios. The well-known trouble of too a
large B parameter is avoided in the present case by re-
alizing the condition B = 0 dynamically. The µ term
is generated at tree level but the B term at loop level.
2.2. Model 2
Next let us discuss an example with higher-dimen-
sional operators (superpotential terms whose mass
dimensions are greater than three). The superpotential
is given by
(16)g = Sn, W = ySn+2,
4 Alternatively one can take λ small enough to make µ in
the correct order of magnitude. This does not, however, provide
a natural explanation of the µ parameter.
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where the exponent n is not necessarily an inte-
ger but satisfies n > 1 unless the coupling λ′ is too
small. (The n = 1 case corresponds to the conformal
limit discussed above where S is not determined by
supersymmetry-breaking effects.) The S direction is
stabilized by the potential also in this case. Minimiz-







We find that µ is proportional to F 1φ irrespective
of n, and therefore this model gives a solution to
the µ problem relevant to high-energy supersymmetry
breaking like gravity mediation and other scenarios
where the gravitino mass is around the electroweak
scale [17]. This example shares essential features
with the Model 1. For example, a tree-level µ can
be forbidden with a discrete symmetry, Sn → −Sn
and H →−H (that is broken by higher-dimensional
operators).
In case of n  2, the singlet N tends to have a
rather flat potential and a large value of VEV beyond
the Planck scale, though depending on the couplings.
A natural way to cure this problem is to add a small
soft mass for N , which stabilizes the VEV 〈N〉 to
an intermediate scale value irrespectively of n. The
small soft mass, roughly around a MeV to GeV scale,
can be induced by a small deviation from the minimal
Kähler form (the exact separation) without conflicting
with flavor-changing neutral current constraints. It is
also found that introducing soft mass of N makes the
model cosmologically safe, with small decay rate and
a negligible contribution to energy density by coherent
oscillation of the scalar. We note that the problem
could also be removed by adopting other forms of
potential W including relevant fields.
3. Summary
We have shown that the condition B = 0 for a so-
lution to the supersymmetric CP problem can be dy-
namically realized in the Higgs potential with gauge
singlet fields. With the appropriate terms in superpo-
tential, minimizing scalar potential with respect to sin-
glet fields exactly leads to a vanishing B parameter.
At the same time, the supersymmetric mass µ is gen-
erated by supersymmetry-breaking effects. A nonzero
B parameter is induced during renormalization-group
evolution down to low energy. It is driven by gaugino
masses and hence the CP-violating phase of B para-
meter vanishes in the basis where gaugino masses are
real. This solution to the CP problem does not need
any information about gaugino masses and can be dis-
cussed only in the Higgs sector. Our solution can be in-
corporated in various mediation mechanisms, includ-
ing gauge mediation, gaugino mediation, etc. Vanish-
ing A and B terms is shown to be an attractive way to
solve the CP and µ problems and be attainable with
natural physical implications.
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